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ABSTRACT
For the production of ceramic microspheres for future space travel, new methods
of processing must be explored. The sol gel method proves promising for the production
of uranium-based ceramic microspheres that are consistent enough in size and shape for
such an application. A process for producing these microspheres has already been
established, but there are avenues for improvement.
Handling of radioactive material like uranium is not always possible or warranted.
As such, a non-radioactive surrogate that greatly resembles the processing of its actual
radioactive counterpart. Herein this work a cerium-based surrogate is developed to
closely resemble an already established process for producing uranium sol. This surrogate
sol is examined to gain an understanding of how it behaves starting from the initial
reagents, going forward to when it becomes a gel, and onto after it gets processed into
ceramic. It is found that this process produces a homogeneous sol that displays very
predictable decomposition behavior in that the point of complete decomposition from
amorphous gel to ceramic powder can very easily be determined. It is also determined
that the powders obtained from this gel have the potential to be converted from its initial
oxide form to other ceramics, such as carbide.
Herein this work, the future capability of scaling up this established sol gel
process to large scale production is considered. A new recipe is developed using a nitrate
salt based on the past work which utilized an acetate salt. This is to better accommodate
the reagents that will be available in an actual production setting as opposed to a
laboratory one. This new sol produced from nitrate salt is examined at the initial stages of
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processing to determine if and how stable, homogeneous sol can be obtained when
changing the initial salt used. Once this stable sol is obtained and the steps to do so are
established, it is examined in much the same manner as the acetate salt-based sol before
it. It is found to be more sensitive and require more careful precision in carrying out the
same steps and processes used on the acetate-based sol. This new cerium nitrate sol is
especially sensitive to the environment during its drying and during storage. Sol that
maintained its stability long enough to be investigated, were examined initially using
thermal analysis, heat treatment, and x-ray diffraction. These tests indicated that the
cerium nitrate-based sol crystallizes at lower temperatures than compared to its cerium
acetate-based predecessor. The sensitivity of this cerium nitrate sol, also affected its
ability to be mixed with phenolic resin as easily as the cerium acetate sol. With careful
control of the step of adding the resin, this was finally accomplished. The cerium nitrate
sol was found to have one major flaw in that it cannot be cross-linked. This concern was
investigated using Fourier Transform Infrared Spectroscopy and it was found that the
organic stabilizer could be degrading in the presence of the nitrate sol. This stabilizer is
essential for the cross-linking of the sol. This flaw leads to some tough considerations
that must be made for future scaled up production. However, this new nitrate salt-based
sol proves to still be of possible uses, even if it is not necessarily useful for the original
reasons it was developed.

iii

DEDICATION
This thesis is dedicated to my parents, my siblings, and my friends. Without all of their
love and support, I would not have accomplished any of this.

iv

ACKNOWLEDGMENTS
I would like to thank the members of my research group, Jianxing Ma, Zhao
Zhang, Yijiang Wang, Xiao Geng, and Nikki Koenig for all of their help. I would also
like to thank my advisor, Dr. Peng for all of his guidance during my tenure as an
undergraduate and graduate student work under him, as well as my committee members,
Dr. Brinkman and Dr. Kornev. It is also important to acknowledge the work of Kim Ivey,
who helped run experiments that I would not have been able to accomplish alone.
Our collaborators BWXT, Idaho National Lab, and NASA deserve credit for
funding and support of our research. Without any of them, I would not have had the
resources to complete this work.

v

TABLE OF CONTENTS
Page
TITLE PAGE .................................................................................................................... i
ABSTRACT ..................................................................................................................... ii
DEDICATION ................................................................................................................ iv
ACKNOWLEDGMENTS ............................................................................................... v
LIST OF FIGURES ......................................................................................................viii
CHAPTER
1. INTRODUCTION ............................................................................................... 1
Motivation ....................................................................................................... 6
Objectives ....................................................................................................... 8
2. MATERIALS AND METHODS ....................................................................... 10
Sol Preparation .............................................................................................. 10
Viscosity Measurement ................................................................................. 11
Thermal Analysis .......................................................................................... 12
Addition of Phenolic Resin ........................................................................... 12
Cross-Linking Sol ......................................................................................... 13
Heat Treatment.............................................................................................. 14
X-Ray Diffraction ......................................................................................... 16
3. PRODUCTION OF A MORE ACCURATE URANIUM
SOL SURROGATE USING CERIUM ........................................................ 17

vi

Table of Contents (Continued)
Page
Purpose.......................................................................................................... 17
Results ........................................................................................................... 17
Conclusions and Considerations ................................................................... 25
4. SUBSTITUTING THE METAL ION SOURCE
SALT FOR FUTURE LARGE SCALE PRODUCTION ............................ 27
Purpose.......................................................................................................... 27
Results ........................................................................................................... 27
Conclusions and Considerations ................................................................... 38

REFERENCES .............................................................................................................. 39

vii

LIST OF FIGURES
Figure

Page

1. Process flow chart for producing uranium-based sol gel that
will be used for the production of cerium-based sol gel ............................... 10
2. TGA curve showing the carbon yield of the phenolic resin
used in this study........................................................................................... 13
3. Molecular structure of glycidyl methacrylate .................................................... 14
4. Alumina crucible containing the molybdenum foil box used
for heat treatment of the sol gels ................................................................... 15
5. Clear, homogeneous cerium sol obtained after reflux and cooling ................... 18
6. Cerium sol after adjusting the pH (left) and after being
left in the oven to dry (right) ......................................................................... 18
7. Drying curve of the cerium sol showing the percent of the
initial mass remaining over the duration of the drying period ...................... 19
8. Comparison of the viscosities of the new cerium acetate sol
and the original cerium acetate sol recipes ................................................... 20
9. Weight loss of cerium acetate sol up to 1100 degrees Celsius .......................... 21
10. Cross-linked sol being shown to be solid and transparent ................................. 22
11. XRD results of heat treatments of cerium acetate sol ........................................ 23
12. XRD results of attempted carbide conversion of the cerium
acetate sol ...................................................................................................... 24
13. Clear, homogeneous sol from cerium nitrate after reflux .................................. 28

viii

Figure

Page

14. pH values that the different samples of nitrate sol were adjusted
to prior to drying ........................................................................................... 29
15. Vials 2, 3, 4, and 5 of the sol that had 36 mL of water added after reflux ........ 29
16. Vials 1, 3, 4, 5, and 6 of the sol that had 72 mL of water added after reflux .... 29
17. Drying curves of dilute acetate and nitrate sols ................................................. 30
18. TGA curves of nitrate sol and dilute acetate sol to compare
their degradation behavior ............................................................................ 31
19. Samples of dried nitrate sol that precipitated after the
addition of phenolic resin.............................................................................. 32
20. Samples of dried nitrate sol after successful addition of phenolic
resin. The samples are all still clear and homogeneous ................................ 33
21. Samples of nitrate sol with cross-linking attempted .......................................... 34
22. FT-IR spectrum of acetate sol, nitrate sol with four times the normal
amount of glycidyl methacrylate stabilizer, and normal nitrate sol .............. 35
23. X-ray diffraction patterns for the nitrate sol after the varying
heat treatment temperature experiments ....................................................... 36
24. X-ray diffraction patterns for the nitrate sol after attempted
carbide conversion ........................................................................................ 37

ix

CHAPTER ONE
INTRODUCTION

For millennia, humans have looked to the skies, wondering what lies beyond the
boundaries of our earthly bonds. This culminated in the events of July 20, 1969, when
man first stepped foot on the moon [1]. However, this was only the beginning. NASA has
since set their sights on achieving a manned Mars mission in the 2030s, but for this goal
to be realized, advancements in certain technologies must be achieved. One such
technology, is nuclear thermal propulsion (NTP) [2].
NTP is an alternative propulsion system to traditional chemical rockets that uses
heat generated by a nuclear reactor to heat propellant and create thrust. This is in contrast
to chemical rockets which use expansion of high temperature and pressure gas to create
thrust [3,4]. The conception of NTP can be traced back to 1946, with the first projects to
develop it by the United States beginning in 1955 [3,5]. The United States carried out two
separate projects during the Space Race to develop NTP technology. The first of which
was the Rover program, which began in 1955, followed by the NERVA program, which
began in 1961. However, with the Space Race won in 1969 using chemical rockets, they
became the well-established norm and Rover and NERVA were cancelled in 1972 [3].
With the recent resurgence of the dream of a manned mission to Mars, NTP has been
identified as the preferred mode of transportation due to its benefits over traditional
chemical propulsion rockets [6].
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One of the main benefits to NTP as opposed to chemical rockets, lies in the
specific impulses of the two different kinds of rocket engines. Specific impulse is
essentially the amount of time, in seconds, that a kilogram of propellant can provide 9.8
Newtons of thrust, and NTP rockets are capable of a specific impulse that is about twice
that of the most efficient chemical based rockets [7]. An additional benefit to NTP rocket
systems is the increased flexibility in propellants that can be used. For traditional
chemical propellant rockets, many factors must be considered for propellant selection.
These factors include things such as combustibility, ignitability, and thermal energy [8].
This is in contrast to NTP systems where no combustion of the propellant is necessary for
propulsion, since the energy for propulsion comes from the nuclear reactor aboard these
kinds of rockets. The gas propellant in NTP systems are chosen based mainly on the
criteria that the velocity of the propellant is proportional to the square root of the
propellant gas’s temperature, and inversely proportional to the square root of the
molecular weight of the gas. This criteria makes hydrogen the best propellant for any
given temperature [7]. With it being established that hot hydrogen is the best propellant
to be used with NTP systems, the routes for optimization of this technology then lies with
the fissile fuel that is to be used as the source of energy. This optimization lies in
developing materials that are stable both chemically and physically at high temperatures
and have promising mechanical properties, among other factors that must be considered
in development [3,9].
The historic nuclear thermal propulsion projects laid the ground work, not only
for the design of the rockets, but also for the materials used in the reactor beds of these
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systems. In general, these fuel elements have been composed of graphite or refractory
alloy based materials that were compacted into hexagonal-shaped units with axial cooling
channels for the hydrogen to flow through [7,9]. The graphite based fuels that were
investigated during the NERVA were predominantly uranium carbide (UC2) in a carbon
matrix [9]. These graphite fuels were improved over the life of the early NTP projects,
with the best of the fuels investigated were mixed carbide composite fuels [10]. Uranium
and zirconium mixed carbides [(U,Zr)C] and (U,Zr)C in a graphite matrix are two
specific examples of these materials that were developed [11]. While these graphite based
fuels were the primarily investigated fuel types, there were also additional fuel types that
were considered. These were the refractory based systems that were used as part of
CERMET (ceramic metallic) composite fuel elements [3]. These CERMET materials
tended to consist of uranium oxide (UO2) or uranium nitride (UN) ceramic particles,
embedded in matrices of tungsten (W) [12]. Tungsten was chosen as the standard matrix
and coating material for the uranium based ceramic particles due to tungsten’s high
melting point, stability under flowing hot hydrogen, and chemical compatibility with UO2
[13]. Regardless of what kind of fuel is used, however, certain criteria must be met for
any fuel to be viable for use in high temperature nuclear reactors and the fuel must be
developed robustly enough so that it may operate safely in an NTP system. Some such
concerns, which were established early on in NTP projects, are evaporation of the fissile
material, melting temperature of the fuel elements, uranium density, and mechanical and
chemical stability at high temperatures [14]. In the forty years since the first projects that
investigated CERMET materials, improvements have been made in the ability to
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fabricate and implement these materials. With these improvements, CERMETs show
promise to meet design criteria and become the predominant fuel type for future NTP
systems. [9].
When it comes to production of CERMET fuel elements, there are two widely
used methods historically. One method is by manually mixing tungsten powders with
UO2 powders and compacting these powders into the shapes of the fuel elements before
sintering them. The second method is the consolidation and sintering of tungsten coated
UO2 particles into fuel elements, with additional tungsten powder sometimes added to
improve the tungsten matrix [15]. The consolidated fuel elements are then clad with
additional tungsten by either diffusion bonding or vapor deposition [9]. These methods
for production of CERMET fuel elements are well established by past projects, allowing
more recent work to focus on how these elements can be optimized. Routes for
improvement that have been determined include addition of stabilizers to the UO2,
making the UO2 particle size more uniform, and even shying away from UO2 and using a
different ceramic such as UC or UN [12,16]. Uniformity of the particles, however, is one
of the more important improvements that needs to be made. If the particles of UO2 have
too large of a size distribution or are too irregularly shaped, then issues will arise in the
production of fuel elements. Inhomogeneity in the particles can cause agglomeration,
among other problems and solving this problem is a major step forward in developing
these ceramics for NTP systems [9].
Classical ceramic processing was predominantly carried out by high temperature,
solid-state reactions of mixtures of inorganic powders. However, in the late 1940s,
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solution-based ceramic processing began development. This new method of producing
ceramics was dubbed the solution-sol-gel process. In general, in the sol-gel process,
inorganic salts are put into solution and form a homogeneous, microscopic solid
suspension using water or some organic solvent and adjusting the pH to ensure stability.
This sol is then gelled by controlling various parameters of the system such as pH or
temperature. The gelled sol is able to be shaped much like a liquid polymer before being
heat treated to decompose any organic portions, leaving behind a ceramic. Through the
use of sol-gel processing of ceramics, a wide variety of geometries can be achieved at
lower processing temperatures than would normally be possible with traditional ceramic
processing techniques [17]. Sol-gels, being well established in the past seventy years, are
promising for production of consistent size and shape microspheres of uranium-based
ceramics. Ceramic microspheres of various metal oxides such as cerium oxide (CeO2)
and aluminum oxide (Al2O3), among others, have already been proven to be producible
using hydroxide sols of those metals [18]. Microspheres of radioactive oxides have also
been produced using uranium, plutonium, and thorium based sol-gels. The radioactive
oxides have been produced using both external gelation – gelation occurs on contact with
an external activating agent – and through internal gelation – gelation occurs due to a
component within the sol itself [19,20]. In addition to microspheres of radioactive oxides
being producible by sol-gel synthesis, radioactive carbides and nitrides are also possible.
Uranium carbide (UC) and uranium nitride (UN) are important to also consider due to the
increased uranium density in both uranium carbide and uranium nitride when compared
to uranium oxide [21]. Uranium nitride also has improved thermal conductivity and has a
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better coefficient of thermal expansion (CTE) match with matrix materials. However, the
potential for UN to decompose into uranium metal and nitrogen gas at high temperatures
is a disadvantage to using UN [12,22].
In order to produce UC or UN microspheres, a simple adjustment of adding
carbon black powder is made to the process that is used for making microspheres of UO2.
This powder is added to a solution which is added to the sol-gel prior to formation of
microspheres [19]. After the sol-gel microspheres have been formed and converted to
ceramic, the carbon black that was dispersed within them can be used to carry out
carbothermic reduction of the UO2 to UC at high temperatures and under high vacuum
levels [23]:
UO2 (s) + 3C (s) → UC (s) + 2CO (g)
For UN production, the same process for UC production has been used, but an additional
step is used to convert the UC to UN. In order for the conversion to take place, a mixture
of nitrogen (N2) and hydrogen (H2) is used. The N2 is important for the actual conversion,
and the H2 is important for the uptake of free carbon that is left behind [24]:
1

UC + 2 N2 → UN + C
C + 2H2 → CH4

Motivation
Overall, the groundwork for NTP systems and the materials needed to fuel them is
well laid out in literature. However, there are still aspects that can and should be
improved upon to guarantee the viability of using it for a manned mission to Mars. One
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of the biggest concerns is the method by which the ceramic microspheres for the fuel
elements are produced. Microspheres have been produced from uranium-based sol gels
by internal gelation, but this method poses some challenges that can be overcome. The
feed solutions for internal gelation tend to require specific conditions to remain stable,
such as being kept at lower temperatures. Feed solutions that are stored at room
temperature can have limited shelf lives. They may only be usable for a few hours [25].
Doping of feed solutions for internal gelation can also be a problem. It has been show
that internal gelation feed solutions can be doped, but the results are mixed. This lack of
consistency in the microspheres from internal gelation would be a concern for future
production for fuel elements [26]. A robust precursor solution for sol gel microsphere
production would solve some of these issues for future production. A solution that can be
stored for long periods of time and provide flexibility in the additives and doping agents
would drastically improve future work for nuclear thermal propulsion fuel element
fabrication.
Another motivating factor for this research is to improve upon the conversion of
the UO2 microspheres to UC or UN. The conversion reactions to produce UC or UN are
well established, but steps could be taken into improve the rate and extent of these
reactions. Ainsley et al. posit that the conversion of UO2 to UC is rate controlled by
diffusion of carbon in the system [27]. Based on this observation, if dispersion of carbon
in the sol-gel microspheres could be improved, the rate of the carbothermic reactions
could be improved. The parameters of the conversions to UC and UN, such as
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temperature, time, and gas environments can also be improved upon to accelerate the
processing time of the uranium ceramic microspheres.

Objectives
The first objective the work presented in this thesis to develop an accurate
cerium-based sol as a surrogate for uranium-based sol, and study the chemical and
physical behaviors of the precursor during the sol-to-ceramic conversion. The research
enables the future studies in the stability and homogeneity of the liquid precursor when
multiple transition metal cations need to be doped. In previous work by Jianxing Ma,
another member of our research group, a uranium-based sol was developed. In this work,
the new cerium-based sol is developed that highly simulates the uranium-based sol. The
primary benefit of doing so is to allow convenient experiments without non-radioactive
chemicals. Through the studies of the drying, gelation, and ceramic conversion of this
new sol, we will gain the knowledge of the chemical and physical behaviors of the
uranium-based sol during the sol to ceramic conversion. This sol will be studied up to
the point of converting the resulting oxide powders to carbide. By understanding the
behavior of this sol, it is assumed that a more accurate test sol can be developed to allow
for more accurate experimentation without the need for handling uranium.
Herein this work, a crucial question regarding future mass production of uraniumbased microspheres will also be examined. It has been brought to the attention of our
group that in order for larger scale production to be feasible, a uranium nitrate salt would
need to be used as the uranium source. Up to this point, all of the work by our group has
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utilized cerium acetate and uranium acetate salts. In this work, it will be determined if
cerium-based sol can be synthesized using cerium nitrate as the cerium source. If stable
sol can be produced, then its properties will be investigated to see how it compares to the
sol produced from cerium acetate. The behavior of the sol will also be investigating
through the processes of drying, decomposition to oxide powders, and carbide conversion
to determine if changing the initial salt has any noticeable or unfavorable effects on the
process.
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CHAPTER TWO
MATERIALS AND METHODS

Sol Preparation
In this chapter, my main goal is to 1) develop a sol-gel processing of ceriumbased precursor that matches the processing of uranium precursors; and 2) study the
properties of the new cerium precursors. Cerium is a well-known surrogate element for
uranium. It is a non-radioactive, non-toxic element that can be studied in the lab with
minimal safety risks. A process for preparing a cerium-based sol was originally
developed by another member of our research group, Jianxing Ma. In taking this

Figure 1: Process flow chart for producing uranium-based sol gel that will be used for
the production of cerium-based sol gel.
procedure for preparing the uranium surrogate sol and converting to a procedure for
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producing an actual uranium-based sol recipe, Jianxing Ma had to make some
adjustments to the process. The recipe flow diagram for producing uranium sol gel that
will be used for producing cerium sol gel in this work can be seen in Figure 1. In this
study, the uranium sol recipe was used to produce cerium sol that would, in theory, more
accurately represent the uranium sol recipe. This recipe was also used to prepare cerium
sol with cerium(III) nitrate as the cerium source for reasons that will be explained in
detail further in this thesis. For preparation of the sol, 0.01 moles of cerium(III) acetate
sesquihydrate (99.9% purity, Alfa Aesar) or cerium(III) nitrate hexahydrate (99% purity,
Aldrich Chemistry) is added to a solution consisting of 80 milliliters of acetic acid
(Glacial, Fisher Chemical), 10 milliliters of deionized water, and 1.33 milliliters (0.01
moles) of glycidyl methacrylate (≥97.0%, Aldrich Chemistry) in a flask. The solution
with cerium acetate added is then refluxed in an oil bath at 90 degrees Celsius for 48
hours while stirring. After reflux, the flask is removed from the oil bath and allowed to
cool down to room temperature while continuing to stir the contents. At room
temperature, 72 additional milliliters of deionized water is added to the rest of the
solution in the flask and 32% ammonium hydroxide is added dropwise to adjust the pH of
the solution in preparation for drying. The solution is separated into scintillation vials and
then placed in an oven at 80 degrees Celsius and allowed to dry until viscous. At this
point, the sol is removed from the oven and cooled.
Viscosity Measurement
The concentration of cerium in the dry sol was calculated and then diluted to
different concentrations using acetic acid. The concentrations that were obtained were
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1.00, 1.25, 1.50, 1.75, and 2.00 M. The viscosities of the samples were measured using a
Brookfield Ametek DV3T Viscometer with a cup and cone style spindle. A CP-42 size
cone was used at rotation speeds of 1, 5, 10, 20, 30, and 40 RPM.
Thermal Analysis
Thermogravimetric analysis (TGA) data was gathered using a Netzsch
Simultaneous Thermal Analysis (STA) 449 F3 Jupiter. Samples of dried sol were placed
in alumina crucibles with lids and placed onto a platinum, dual TGA-DSC sample carrier.
The furnace chamber was purged to a relative vacuum of about 99% and then backfilled
with argon to overpressure, before opening the exhaust valve to ensure a positive pressure
inside the chamber. The samples were heated to 1100 degrees Celsius at a rate of five (5)
degrees per minute. To ensure that the resulting TGA curve were calibrated for the
conditions used, a baseline correction curve was generated with two empty crucibles
using the same exact heating profile. The curves generated by this baseline correction
were then subtracted from the curves generated by running the samples in the STA.
Addition of Phenolic Resin
In order to obtain a more homogeneous dispersion of carbon in our gel
microspheres, so that conversion to carbide is more efficient, phenolic resin is added to
the dried sol. The use of phenolic resin as a carbon source for carbothermal synthesis of
carbides using sol-gel precursors is well documented in literature [28,29]. The phenolic
resin (Resin 582D58, Georgia Pacific) was added to the sol, such that a carbon to cerium
mole ratio of about four to one (4:1) was achieved in powders or microspheres obtained
after initial thermal decomposition of the sol-gel. As seen in Figure 2, the particular
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phenolic resin that was used was found to have a carbon yield of about forty-three
percent (43%). The amount of phenolic resin required to add was calculated by assuming

Figure 2: TGA curve showing the carbon yield of the phenolic resin used in this
study.
that the cerium in the sol was homogeneously distributed, such that the moles of cerium
per volume of sol was always consistent. By determining the volume of sol on hand, the
amount of moles of cerium present could be determined. From this, the moles of carbon
needed, and thus the amount of raw phenolic resin to be added could be determined.
Cross-Linking Sol
The sol is specifically designed with the ability to be cross-linked to facilitate the
creation of microspheres and various other geometries. The stabilizing agent used in the
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sol, glycidyl methacrylate (GMA), has a vinyl functional group, as seen in Figure 3, that
allows for cross-linking of the dried sol. In order to cross-link, a solution of 20% benzoyl
peroxide (BPO) (75% BPO, 25% Water, Fisher Chemical) in toluene was made. This
solution was added drop-wise to the dried sol, such that a BPO to GMA ratio of ten (10)

Figure 3: Molecular structure of glycidyl methacrylate.
weight percent was achieved. The sol was then placed back into an oven at 80 degrees
Celsius to allow it to cross-link completely. Completely cross-linked sol has been
observed to be darker in color and firm.
Heat Treatment
Dried sol, both non-cross-linked and cross-linked, samples were subjected to
various heat treatment profiles in a MTI GSL-1800X alumina tube furnace. The samples
were placed in molybdenum foil boxes that were then placed in alumina crucibles. The
molybdenum foil boxes were also covered with lids of the same material. These
molybdenum foil boxes acted to contain any powders formed by decomposition of the
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sols. These boxes also helped to prevent contamination of the alumina crucibles by the
sols, otherwise carbon, which is a product of the sol decomposition, will react with the
alumina. The molybdenum foil has a high melting point (2617 degrees Celsius) meaning

Figure 4: Alumina crucible containing the molybdenum foil box
used for heat treatment of the sol gels.
that this material should work well for the temperatures that will be used in this work
[30]. An example of this crucible setup can be seen in Figure 4. The samples were placed
in the tube furnace and the vacuum pump was run to reduce the internal tube pressure to
200 millitorr or lower. Argon was back flowed into the tube to provide an inert
environment for the heat treatments. Samples of sol both with and without phenolic resin
were heated to temperatures of 300, 600, and 900 degrees Celsius, all at a heating rate of
five (5) °C/min. The heating cycle was programmed to remain at maximum temperature
for thirty (30) minutes to ensure that the furnace achieved the maximum temperature. The
samples were then allowed to cool and removed from the furnace.
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Heat treatment was also carried out to achieve carbide conversion of the oxide
powders obtained from the initial heat treatments. For carbide conversion, oxide powders
that were obtained from sol samples containing the proper amount of phenolic resin, were
placed in graphite crucibles and placed in a high temperature, high vacuum furnace. This
furnace was purged and backfilled with argon, and then heated to 1600 degrees Celsius
before cooling and removing the powders.
X-Ray Diffraction
Powder x-ray diffraction (XRD) was used to analyze the ceramic powders postheat treatment. The 2-theta angles used for the XRD measurements were from 20 degrees
to 80 degrees, using a step of 0.02 degrees. A scan speed of one (1) degree per minute
was used. XRD was carried out, not only to determine the phases present in the ceramic
powders that were obtained from heat treating the sol gels, but also to qualitatively
determine the degree of crystallinity present.
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CHAPTER 3
PRODUCTION OF A MORE ACCURATE URANIUM SOL SURROGATE USING
CERIUM ACETATE
Purpose
In this chapter, the results of synthesis and characterization of a cerium-based sol
synthesized using the uranium sol recipe are presented. Previous work by Jianxing Ma
resulted in the development of a recipe for a cerium sol as well as a recipe for a uranium
sol based on the cerium work. As shown in the previous chapter, certain adjustments had
to be made to the cerium sol recipe in order for it to be used to synthesize stable uranium
sol. In order to produce a surrogate for the uranium sol that is as analogous as possible,
work was done to produce a cerium sol using the exact same procedure as the uranium
sol. This new cerium sol should be a more accurate simulation of the uranium sol, than
the original cerium sol that was produced. This new cerium acetate sol was characterized
and compared to the original cerium sol recipe where it was deemed necessary.

Results
Sol Preparation
Following the uranium sol recipe with cerium acetate, there were not many
notable differences from what is normally observed when preparing cerium-based sol.
One of the only notable differences was observed upon cooling of the sol post-reflux.
Normally, when preparing the cerium sol, a white slush is formed upon cooling. Upon
addition of the extra water after reflux, this slush disappears and the sol returns to being
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clear and homogeneous. This phenomenon was not observed for the new cerium sol. The
new acetate sol never appeared to be anything other than clear and homogeneous during

Figure 5: Clear, homogeneous cerium sol obtained after reflux and
cooling.
the initial steps of processing. An example of the sol after cooling can be seen in Figure
5. To continue the process, samples of this sol were adjusted to find the stable pH for

Figure 6: Cerium sol after adjusting the pH (left) and
after being left in the oven to dry (right).
drying. The initial pH of the sol, prior to the addition of any ammonium hydroxide was
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3.0. To pick a point to start from for finding the stable drying pH, the stable pH for the
original cerium-based sol was chosen. The pH range where the normal cerium sol is
stable is from 3.7 to 4.3. Adjusting the new cerium sol to this pH range and allowing it to
dry, resulted in stable sol. Examples of this sol before and after drying can be seen in
Figure 6. The sol remained homogeneous upon drying and remained stable for extended
periods of time when kept in favorable, low humidity locations. In this respect, it is
similar to the original cerium sol.
During drying of this cerium sol, the mass change was also observed so that a
drying curve could be obtained. This was important to ensure that the sol would not be

Figure 7: Drying curve of the cerium sol showing the percent of
the initial mass remaining over the duration of the drying period.

left to dry for too long, while also allowing sol that is as free of excess solvent as possible
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could be obtained. This data can be seen in Figure 7. It appears that a majority of the
solvent dries off within the first 10 hours before leveling out and drying much slower for
the next 10 hours.
Viscosity Measurement
Measuring the viscosity of this new cerium sol proved to be difficult due to the
fact that the large portion of solvent in the sol resulted in very small amounts of dry sol
obtained after drying. The first couple of attempts to measure viscosity were not fruitful
due to the sample sizes being too small. To correct for this issue, samples of sol were
prepared as usual, but part way through the drying process, samples were combined in the
same vials to obtain larger quanities of dried sol. Upon utilizing this technique, samples
large enough to gather useful viscosity data were obtained. The results of these viscosity

Figure 8: Comparison of the viscosities of the new cerium
acetate sol and the original cerium acetate sol recipes.
measurements, as well as measurements for the original cerium sol, can be seen in Figure
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8. The cerium sol had higher viscosities than the original cerium sol at similar
concentrations, but both exhibited trends of increasing viscosity with increasing
concentration. The higher viscosity in the new cerium acetate sol could be an indicator of
a higher molecular weight in the dilute sol. The higher volume of water added to the
dilute sol during initial processing could lead to higher degrees of hydrolysis and gelation
in the system and result in this higher molecular weight.

Thermal Analysis
The results of subjecting a sample of the new cerium acetate sol can be seen in
Figure 9. Based on the curve, the sol loses a majority of it’s mass quickly between the

Figure 9: Weight loss of cerium acetate sol up to 1100 degrees Celsius.

temperatures of 100 degrees Celsius to 450 degrees. Once it reaches 450 degrees, the
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weight loss levels off and remains around 25% of the original mass. Based on this
thermogravimetric analysis curve, it would be assumed that amorphous phases would be
present up to 450 degrees Celsius. After the sol has reached that point in the heat
treament, it would be expected to be predominately crystalline phases, specifically,
cerium dioxide.

Cross-Linking Sol
Cross-linking of the new cerium acetate sol did not present any novel challenges
as opposed to the traditional cerium sol. This is in line with what was expected, because
there should not have been any difference in the composition of the sol at this point in the
processing steps. The only issue that arose was adjusting the amount of cross-linking
initiator to add, due to the fact that the sample sizes of the cerium sol was smaller than

Figure 10: Cross-linked sol being shown to be solid and transparent.
that of the traditional cerium sol. Upon addition of the BPO initiator and exposure to heat
in the oven, the sol became darker and solid, while still remaining transparent. This
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retention of transparency indicated that the cross-linking sol was still homogeneous. The
now cross-linked sol can be seen in Figure 10.
Heat Treatment
Samples of the cerium acetate sol that were heated to 300, 600, and 900 degrees
Celsius were gathered for x-ray diffraction analysis. An additional sample of sol that was
never heated was also tested. For the heat treatments, multiple vials of sol were required,
as the sample sizes were too small prior to heat treatment to result in significant amounts
of powders obtained. For each heat treatment approximately five vials of sol were used to
obtain enough powder for analysis. The results of the XRD analysis can be seen in
Figure 11. Figure 11 also features the standard peaks for cerium dioxide so that they

Figure 11: XRD results of heat treatments of cerium acetate sol. CeO2 reference
ICDD: PDF 34-0394.
may be compared to the peaks observed in the powders obtained. The XRD results
reinforce what was established based on the thermal analysis. It appears that the powders
are still amorphous up until somewhere between 300 and 600 degrees Celsius, which
lines up with the leveling out of mass loss at 450 degrees Celsius. Also, based on the
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XRD results at 900 degrees Celsius, the degree of crystallinity has dramatically improved
over the results at 600 degrees celsius. This is indicated by the narrowing of the peaks. It
can also be concluded that the crystalline samples are exclusively cerium dioxide as
expected, based on the peaks perfectly matching those of the reference.
Additional heat treatments were carried out with cerium acetate sol samples that
had phenolic resin added to them. These samples were initially heated to 900 degrees
Celsius to complete the initial decompositions of the sol, before being subjected to the
high temperature furnace for conversion. The samples obtained from the attempted
carbide conversion also analyzed using x-ray diffraction. These samples appeared to
always have some inherent noise that could not be removed, but could only be
diminished by slowing the scanning speed during analysis. Some of this noise appears to
also potentially be some kind of amorphous phase, possibly from leftover carbon in the
system. The XRD results of the attempted carbide conversion can be seen in Figure 12. It

Figure 12: XRD results of attempted carbide conversion of the cerium acetate sol. CeO2 reference
ICDD: PDF 34-0394. CeC2 reference ICDD: PDF 04-0711.
is hard to make any definite conclusions on the phases present after the attempted carbide
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conversion of the dilute acetate sol, however there are a few points that could indicate
some carbide phase present. There is what could possibly be a double peak around 2theta values of about 27 to 28 that could be indicative of carbide. There is also the
presence of the single peak around the 2-theta value of 42. However, it is incredibly hard
to make a definite conclusion due to the amount of noise and potential amorphous
regions. Additional considerations other than increasing the amount of powder collected
and decreasing scanning speed would be needed for future experimentation.

Conclusions and Considerations
Work of other researchers such as Zagaynov et al. have resulted in formulations
for cerium sol using cerium acetate and various stabilizers such acetylacetonate [31]. The
work stated here is novel due to the use of the GMA stabilizer to allow for cross-linking
of the cerium sol. Acetylacetonate does not share this capabilitiy to cross-link. Previous
work by members of our group laid the groundwork for cerium sols using this
formulation as well as uranium sols that have been built upon that ground work. This
work shows that stable cerium sol seems to be obtainable by following the recipe
developed for uranium sol while retaining the functionality of previously developed
cerium sols. This would seem to indicate that this new surrogate sol could be used as a
more accurate simulation of the uranium sol from the perspective of the solvent content
and possible hydrolysis behavior. The analysis of this new sol, also provides a basic
understanding of how this formulation affects the behavior of this sol. One of the main
takeaways of this new sol, is the increase in the viscosity as compared to the original
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cerium sol recipe. The increase in the amount of solvent for this new cerium sol resulting
in the possible increase in the molecular weight could prove to be useful in future work.
However, the smaller sample sizes of dried sol that are obtained may need to be
addressed in the future. Further exploration to confirm that cerium carbide is obtainable
from this cerium sol should also be considered for the future. This work did not
completely rule out the fact that it could be possible, but future steps to ensure that noise
and amorphous phases are minimized when analyzing the powders obtained, could
potentially prove that carbide conversion is possible. Proving that this sol recipe is crosslinkable like the original sol recipe, is also of importance. This work may not have
included the production of microspheres from this sol, but it should be possible based on
the fact that the cross-linking behavior did not seem to be affected.
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CHAPTER 4
SUBSTITUTING THE METAL ION SOURCE SALT FOR FUTURE LARGE SCALE
PRODUCTION
Purpose
With a suitable process in place for producing both cerium and uranium sol, a
vital issue must be addressed. According to our collaborators in industry, if our process is
to be scaled up to the point of mass production of uranium-based ceramic microspheres, a
major part of our process must be altered. Up to this point, the recipes for our sol gels
have utilized cerium and uranium acetate salts as the metal sources. However, enriched
uranium is not available in large enough quantities in the acetate salt form. In order for
this process to be scaled up, the acetate salt must be replaced with a nitrate salt. Herein
this chapter, the ability to synthesize cerium sol using cerium nitrate as the starting salt
will be explored. The chemical and physical properties of this resulting sol will be
analyzed and final recommendations for using cerium or uranium nitrate as a replacement
for cerium or uranium acetate will be made.
Results
Nitrate Sol Synthesis
The process for determining if stable sol can be synthesized from cerium nitrate
started with taking the already established recipe for uranium and cerium sol and
replacing the acetate salt with an amount of nitrate salt that would result in an equimolar
amount of cerium in the system. The synthesis of the sol did not exhibit any reason for
immediate concerns. In fact, the nitrate salt was even more favorable in the beginning of
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the process due to its higher solubility in the water and acetic acid mixture used as the
solvent. Clear, homogeneous sol was obtained after refluxing the mixture of cerium

Figure 13: Clear, homogeneous sol from cerium nitrate
after reflux.
nitrate in the solvent. The resulting sol can be seen in Figure 13. The pH of the sol at this
stage was slightly lower than that of the sol from cerium acetate. The pH of the nitrate sol
was 2.5 as opposed to 3.0 for the cerium acetate sol.
The next step in the synthesis of this sol was to determine the stable drying pH.
For this step, the assumption could not be made that the stable pH would be exactly the
same as that of the acetate sol, so a range of pH values were tested from the start. Two
different formulations were tested, one with half the amount of water normally added
after reflux and one with the full amount of water added. For both of these formulations,
similar pH values were tested. The pH values tested, and whether or not they resulted in
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stable, homogeneous sol can be seen in Figure 14, Figure 15, and Figure 16. After

Figure 14: pH values that the different samples of nitrate sol were adjusted to prior to drying.
Orange squares indicate failure, green squares indicate stable sol obtained after drying, and
black squares indicate combinations that were not tried.

Figure 15: Vials 2, 3, 4, and 5 of the sol that had
36 mL of water added after reflux.

Figure 16: Vials 1, 3, 4, 5, and 6 of the sol that
had 72 mL of water added after reflux.
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drying the sol samples at the different pH values, it can be determined that the sol is
stable in the range of pH values from 4.5 to 5.0, which is slightly higher when compared
to the cerium acetate sols. The sols that did dry and remain stable, became darker in color
and began to form bubbles if they were dried for too long.
In addition to determining the stable pH for drying the nitrate sol, a drying curve
for the nitrate sol was also obtained. Much like with the dilute acetate sol, the percent
mass of the nitrate sol remaining as it dried was plotted against the time of drying. The
comparison of the drying curves between the dilute acetate sol and the nitrate sol can be
seen in Figure 17. The dilute acetate sol and nitrate sols appear to have similar initial

Figure 17: Drying curves of dilute acetate and nitrate sols.
drying rates, however, around 7 hours into drying they begin to diverge. The nitrate sol
drying rate appears to be slightly slower than the dilute acetate sol starting at that point.
This may indicate that the nitrate sol has a slightly higher affinity for retaining moisture,
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which proved troublesome in trying to handle this sol at some points. This could indicate
that there could be difficulty in getting the nitrate sol to age effectively and produce a
high concentration, stable sol.
Thermal Analysis
The nitrate sol was subjected to the same thermal cycle as the dilute acetate sol
was for thermal analysis. This consisted of heating the sol to 1100 degrees Celsius under
argon. The comparison of the thermal decomposition curves between the acetate and
nitrate sols can be seen in Figure 18. Much like the dilute acetate sol, the nitrate sol has

Figure 18: TGA curves of nitrate sol and dilute acetate sol to
compare their degradation behavior.
very quick mass loss starting at about 100 degrees Celsius. However, unlike the dilute
acetate sol, the nitrate sol reaches its leveling off point almost 200 degrees earlier at 270

31

as opposed to 450 degrees Celsius. This would indicate that the nitrate sol loses it’s
stability and crystallizes at a much lower temperature than the dilute acetate sol.

Addition of Phenolic Resin
Normally, the addition of phenolic resin to the cerium sol is not noteworthy and is
a relatively simple step in the process. With the nitrate sol, this was not the case. The
nitrate sol has already exhibited qualities that would indicate that it is less stable and
more sensitive to the environment than the acetate sol. This was again indicated by the
nitrate sol’s behavior during the attempted addition of phenolic resin. The first time
phenolic resin was added to samples of the nitrate sol, the samples almost immediately
precipitated as can be seen in Figure 19. In order to circumvent this precipitation issue,

Figure 19: Samples of dried nitrate sol that precipitated
after the addition of phenolic resin.
the drying of the nitrate was very carefully timed so that it would be as dry as possible,
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while still retaining a small amount of solvent. This was to remove as much moisture as
possible from the sol. The sol was then stored in a humidity controlled box until the

Figure 20: Samples of dried nitrate sol after successful
addition of phenolic resin. The samples are all still clear
and homogeneous.
moment that phenolic resin was ready to be added. With taking these measures to control
the exposure of the nitrate sol to moisture, phenolic resin was added successfully without
precipitation. The nitrate sol with phenolic resin successfully added can be seen in Figure
20. However, after addition of phenolic resin successfully, the samples still needed to be
used quickly. They would remain stable for a period of time, but no where near as long as
the acetate sol mixed with phenolic resin would remain stable.
Cross-Linking Sol
Cross-linking the nitrate sol presented some challenges as well. Upon addition of
the cross-linking initiator, the nitrate sol became darker in color and remained
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transparent, much like the acetate sol. However, the nitrate sol never became solid. An
example of the dark, non-crosslinked sol can be seen in Figure 21. This was thought to

Figure 21: Samples of nitrate sol with cross-linking attempted. The sol did not become solid
but still allowed light to pass through, indicating no precipitates forming.
be an isolated incident, so cross-linking was attempted with varying conditions of the sol.
The moisture and drying was controlled as much as possible, but the sol was unable to
cross-link. In the literature, it is documented that methacrylates are degraded by NO3
radicals in the atmosphere. Salgado et al. maps the pathway by which these radicals
degrade methacrylates into varying organic compounds such as methyl pyruvate and
other small molecules like carbon monoxide (CO) and nitric acid (HNO3). This
degradation is initiated by the radicals attacking the carbon-carbon double bond in the
methacrylates [32]. Concerns were raised that something like this may be happening
between the glycidyl methacrylate stabilizer in the sol and the nitrate ions from the
cerium nitrate salt. The cross-linking relies on the double bond in the glycidyl
methacrylate, so if it was being degraded, cross-linking would be impossible. In order to
determine if the double bond in the glycidyl methacrylate is still present, fourier
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transform infrared (FT-IR) spectroscopy was employed. The FT-IR spectrums of the

Figure 22: FT-IR spectrum of acetate sol, nitrate sol with four times the normal
amount of glycidyl methacrylate stabilizer, and normal nitrate sol.
acetate sol was compared to that of the nitrate sol as prepared, as well as a nitrate sol with
four times the normal amount of glycidyl methacrylate stabilizer added. The FT-IR
results can be seen in Figure 22. In the original cerium acetate sol, the peak for the
carbon-carbon double bond in the glycidyl methacrylate would be expected to be seen
around a wavenumber of 950. When comparing the spectra, a peak can be seen on the
cerium acetate sol spectrum at 941, but this peak appears to be absent in the spectra for
the nitrate sols. There are few other notable differences in the spectra, but this is the main
point of interest for this work. This result has some troublesome consequences, because it
indicates that nitrate sol may not be able to be cross-linked without changing some
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integral part of the established process. These implications will be explored further later
in this work.

Heat Treatment
Samples of nitrate sol heated to 300, 600, and 900 degrees Celsius, as well as a
sample that was left at room temperature were analyzed using x-ray diffraction to
compare their crystallinity and better understand the degradation behavior of the nitrate
sol. The diffraction patterns as well as the standard pattern for cerium dioxide can be seen
in Figure 23. This data matches what was expected based on the thermogravimetric

Figure 23: X-ray diffraction patterns for the nitrate sol after the varying heat
treatment temperature experiments. CeO2 reference ICDD: PDF 34-0394.
analysis of the nitrate sol. The nitrate sol was only amporphous at room temperatue. By
the time the sol was heated to 300 degrees Celsius, it had already crystallized, leaving
very little amorphous phases. As the temperature was increased, the degree of
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crystallinity appears to also increase as seen by the narrowing of the peaks. This is what
would be expected. The patterns all seem to perfectly match that of the cerium dioxide as
well.
The nitrate sol was also subjected to the high temperature furnace to attempt
carbide conversion of the oxide powders. Luckily, a few samples of nitrate sol with
phenolic resin successfully mixed remained stable long enough produce the oxide
powders mixed with amorphous carbon necessary for attempted carbide conversion. The
powders obtained from the nitrate sol were heated to 1600 degrees Celsius under argon
just like the powders obtained from the acetate sol. The x-ray diffraction pattern from the

Figure 24: X-ray diffraction patterns for the nitrate sol after attempted carbide
conversion. CeO2 reference ICDD: PDF 34-0394. CeC2 reference ICDD: PDF 04-0711.
attempted carbide conversion of the nitrate sol derived powders can be seen in Figure 24.
The attempted carbide conversion with the nitrate sol was much more successful than that
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of the acetate sol due to the lack of noise and much clearer peaks in the patterns. The
nitrate sol also appears to have resulted in a mixture of cerium dioxide and cerium
dicarbide. The oxide peaks appear to all be present, while double peaks at 2-theta values
of 27 and 47 stick out as possible indicators of some carbide phase. Pure carbide may not
have been achieved, but the fact that at least partial conversion is demonstrated means
that pure carbide phase could be possible in the future with better control of the heat
treatment environment and possible reduction of oxidation in transport.
Conclusions and Considerations
Production of uranium microspheres from sol gel that utilizes a nitrate salt as the
metal source as proven to be possible in some regards while still having a few challenges
to overcome. Based on the work here with the cerium nitrate derived surrogate sol, it
appears as if a stable sol can be produced using a nitrate salt as the starting material.
However, it will bring challenges that must be addressed such as the environmental
control to prevent it from reacting negatively to too much moisture, very careful control
when adding the carbon source, and it’s seeming inability to cross-link. This last
challenge would be the hardest one to consider and overcome in future work it would
seem. If nitrate must be used as the starting material, microspheres may not be possible as
the shape could not be maintained in the same way that an acetate-based sol may be able
to. A nitrate-based sol may lend itself more to being used to create other geometries that
could be obtained by just drying the sol in a mold as opposed to using a cross-linking
agent. If microspheres must be obtained, converting the nitrate to acetate by a chemical
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process prior to using it in the sol gel synthesis may prove costly or unwieldy, but it may
be necessary. If converting the nitrate salt is not an option, the whole sol gel recipe may
need to be revisited.
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